O B J E C T I V E S The purpose of this study was to determine clinical and echocardiographic correlates of acute heart failure, cardiogenic shock and in-hospital mortality in a large cohort of tako-tsubo cardiomyopathy (TTC) patients.
on admission and at short-term follow-up (4.3 [4 to 6] weeks). Patients were divided into two groups according to the presence or absence of major adverse events, a composite of acute heart failure, cardiogenic shock, and in-hospital mortality.
R E S U LT S Major adverse events occurred in 59 patients (25.9%). The variables for elderly patients $75 years of age (42.4% vs. 23.8%; p ¼ 0.011): left ventricular (LV) ejection fraction (35.1 AE 5.9% vs. 38.4 AE 4.6%, p < 0.001), wall motion score index (1.9 AE 0.2 vs. 1.7 AE 0.2, p < 0.001), E/e 0 ratio (13.5 AE 4.3 vs. 9.9 AE 3.3
[where E/e 0 is ratio of mitral E peak velocity and averaged e 0 velocity], p < 0.001), LV outflow tract obstruction (23.7 vs. 8.9%, p ¼ 0.006), pulmonary artery systolic pressure (47.4 AE 12.3 mm Hg vs. 38.0 AE 9.2 mm Hg; p < 0.001), right ventricular involvement (28.8 vs. 9.5%; p < 0.001), and reversible moderate-to-severe mitral regurgitation (49.1 vs. 11.9%; p < 0.001), were significantly different between groups and were associated with adverse events. At multivariate analysis, LV ejection fraction (HR: 0.92; 95% CI: 0.89 to 0.95; p < 0.001), E/e 0 ratio (HR: 1.13; 95% CI: 1.02 to 1.24; p ¼ 0.011), reversible moderate to severe mitral regurgitation (HR: 3.25; 95% CI: 1.16 to 9.10; p ¼ 0.025), and age $75 years (HR: 2.81; 95% CI: 1.05 to 7.52; p ¼ 0.039) were independent correlates of major adverse events.
T ako-tsubo cardiomyopathy (TTC) is typically characterized by transient left ventricular (LV) systolic dysfunction with morphological features of apical ballooning, although other variant forms (e.g., midventricular ballooning) have also been described (1) (2) (3) . It occurs most often in post-menopausal women and is usually triggered by emotional or physical stress, with complete recovery of LV systolic function within a few days or weeks (4, 5) . Despite its favorable long-term prognosis and very low mortality, TTC is not considered a benign condition, because of the occurrence of life-threatening complications during the acute phase, related to hemodynamic instability (e.g., acute heart failure, cardiogenic shock) in a substantial proportion of patients (6) (7) (8) . Owing to its widespread use in critical care settings, echocardiography has become the noninvasive imaging modality of choice for assessing TTC (2, 9) . However, the combination of clinical, electrocardiographic (ECG), laboratory, and echocardiographic measures routinely used in clinical practice for TTC patients experiencing major adverse events due to hemodynamic instability have not yet been well described. The aim of this study was to identify the clinical and echocardiographic determinants of major adverse events, a composite of acute heart failure, cardiogenic shock, and in-hospital mortality, in a large cohort of TTC patients.
M E T H O D S
Study population. The study population consisted of 227 patients enrolled in the Tako-Tsubo Italian Network, undergoing comprehensive transthoracic 2-dimensional echocardiography on admission and at short-term follow-up (4.3 [4 to 6] weeks) (8, 10) .
The diagnosis of TTC was based on the following Mayo Clinic criteria (5):
Transient akinesia or dyskinesia of LV apical and/or midventricular segments; No angiographic evidence of $50% coronary artery stenosis, or plaque rupture, or intracoronary thrombus formation; New ECG abnormalities (dynamic ST-T changes or T-wave inversion); Absence of intracranial bleeding, pheochromocytoma, and myocarditis.
Patients with a poor acoustic window (suboptimal visualization of endocardial borders) were excluded. All participants provided informed written consent, and the study was approved by the local ethics committee. Data collection. Clinical variables were recorded on a standardized form that included information on patient demographics (sex, age, heart rate, systolic and diastolic blood pressure), signs and symptoms at presentation, medical history, trigger events, ECG ST-segment changes and presence of prolonged QTc interval on admission, and clinical observations during hospitalization (including major cardiac events). Emotional or physical triggers were identified as previously described (8) . Venous blood was collected every 3 hours to measure troponin I concentration in the acute phase, and collection continued until a peak value was observed. All patients underwent coronary angiography and left ventriculography within 24 hours of symptom onset.
Definition of major adverse events due to hemodynamic instability. Major adverse events were defined as a composite of acute heart failure, cardiogenic shock, and in-hospital mortality. In particular:
Acute heart failure was defined as the presence of pulmonary edema, dyspnea, and/or oxygen desaturation requiring drug therapy and/or mechanical support; Cardiogenic shock was defined as systolic blood pressure <90 mm Hg with signs of tissue hypoperfusion requiring inotropic agents and/or fluid therapy;
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R E S U L T S
Demographic and clinical characteristics. The study population included 227 patients (66.2 AE 12.2 years of age; females, 90.3%). Demographic, clinical, and ECG characteristics of the overall population are shown in Table 1 .
Patients with and without major adverse events were compared. There was a striking prevalence of females (91.5% vs. 89.9%, respectively; p ¼ 0.80) in menopause (85.1% vs. 88.7%, respectively; p ¼ 0.47) in both groups. A significantly higher proportion of elderly patients $75 years of age (42.4% vs. 23.8%, respectively; p ¼ 0.011) was observed between those with major adverse events. Chest pain with dyspnea (25.4% vs. 8.9%, respectively; p ¼ 0.003) and increased heart rate (88.8 AE 20.5 beats/min vs. 83.4 AE 14.1 beats/min, respectively; p ¼ 0.031) were significantly more frequent among patients with major adverse events. No significant differences were found between groups in ECG presentation, LV morphology, prevalence of triggers, and common cardiovascular risk factors. Conversely, the involvement of $4 coronary territories was more frequent (89%) and prevalent in patients with hemodynamic instability (57 Major adverse events: acute heart failure, cardiogenic shock, and in-hospital mortality. Overall complications are listed in Table 2 . Acute heart failure was the most common major complication (n ¼ 45; 19.6%). Among the patients with acute heart failure, 5 patients had cardiogenic shock, 1 patient had cardiogenic shock and stroke, 3 patients had ventricular tachycardia/fibrillation, 1 patient had ventricular tachycardia/fibrillation and atrial fibrillation, 2 patients had atrial fibrillation alone, and 1 patient had apical thrombosis. Among patients with cardiogenic shock (n ¼ 18; 7.8%), 3 had active cancer, 1 had stroke and preexisting atrial fibrillation, and another one had new-onset atrial fibrillation. Thirteen patients with cardiogenic shock (5.7%) were treated with positive inotropic drugs or vasopressors or both (dobutamine at an infusion rate of 2 to 20 mg/kg/min; norepinephrine at an infusion rate of 0.2 to 1.0 mg/kg/min; or levosimendan at an Echocardiography in Tako-Tsubo Cardiomyopathy
infusion rate of 0.1 mg/kg/min). Despite treatment, 3 patients died during intensive care unit stay. Intraaortic balloon pumping was used in 6 of 18 patients with cardiogenic shock admitted to facilities where implantation of the device could be performed. Of note, 10 patients with cardiogenic shock had reversible moderate to severe MR. Death occurred in 6 patients (2.6%). Cardiac death was related to cardiogenic shock in 3 patients and to acute heart failure in 1 patient. Noncardiac death was associated with malignancy in the remaining 2 patients. Among 11 patients with ventricular tachycardia/fibrillation, only 1 had torsade de pointes, and 9 had prolonged QTc intervals (p ¼ 0.012).
Echocardiographic findings on admission. Patients with major adverse events had significantly higher indexed LV end-diastolic volume (p ¼ 0.002) and LV end-systolic volume (p < 0.001), lower EF (p < 0.001), higher wall motion score index (WMSI) (p < 0.001) and larger LA volumes (p < 0.001) than patients without major adverse events (Table 3) .
Regarding diastolic function, all mitral inflowderived parameters were significantly different between groups, as follows: E peak velocity (p < 0.001), E/A ratio (p < 0.001), E-wave deceleration time (p ¼ 0.011), and e 0 peak velocity (p ¼ 0.007). In the overall population, LVOTO was detected in 29 patients (only 2 received inotropic agents) and was 9.5%, respectively; p ¼ 0.001) was more frequent among patients with major adverse events. Indexes of LV filling pressure, such as E/e 0 ratio (p < 0.001) and sPAP (p < 0.001), were significantly higher, suggesting a more compromised hemodynamic status in the group with major adverse events.
Echocardiographic findings at short-term follow-up.
At short-term follow-up, all echocardiographic measures examined were not significantly different between groups, except for LA volume (p < 0.001), E peak velocity (p ¼ 0.002), E/A ratio (p ¼ 0.001), e 0 peak velocity (p < 0.001), E/e 0 ratio (p < 0.001), and sPAP (p ¼ 0.027), which remained higher in patients who experienced major adverse events (Table 4) . Independent clinical and echocardiographic correlates of major adverse events. At univariate analysis, age $75 years, heart rate, LVOTO, RV involvement, chest pain with dyspnea, LVEF, E/e 0 ratio, sPAP, and presence of moderate to severe MR at admission were significantly associated with the occurrence of major adverse events (Table 5) . At multivariate analysis, LVEF, E/e 0 ratio, reversible moderate to Values are mean AE SD, median (interquartile range), or n (%). Abbreviations as in Table 3 . severe MR and age $75 years were independent correlates of the composite outcome ( Incremental prognostic value of independent echocardiographic correlates of major adverse events.
Sequential models for the prediction of major adverse events were used to assess the incremental contribution of echocardiographic correlates of major adverse events compared with clinical, ECG, and laboratory findings. For major adverse events, the clinical model (chi-square: 40.7, p < 0.001) was slightly but not significantly improved by the addition of ECG (chi-square: 46.2, p ¼ 0.24) and laboratory data (chi-square: 50.9, p ¼ 0.19), respectively. A major and significant improvement was obtained only by the addition of echocardiographic findings (chisquare: 88.7, p < 0.001) (Fig. 1 ).
D I S C U S S I O N
This study addressed the role of echocardiography compared with those of other clinical, ECG, and laboratory measures routinely used in daily practice in the early evaluation of patients with TTC. The main findings can be summarized as follows: 1) in a large series of TTC patients, approximately 25% developed pulmonary edema or cardiogenic shock during the acute phase; 2) several echocardiographic findings, such as LVEF, WMSI, E/e 0 ratio, LVOTO, sPAP, and RV involvement and reversible moderate to severe MR, were associated with such adverse events; and 3) LVEF, reversible moderate to severe MR, E/e 0 ratio, and age $75 years were independent correlates of acute heart failure, cardiogenic shock, and in-hospital mortality. In addition, the prevalence of some peculiar echocardiographic findings previously reported in small cohorts of TTC patients have been documented in larger series.
Clinical relevance of systolic and diastolic echocardiographic parameters. Most patients with TTC are usually paucisymptomatic and have a favorable in-hospital course. However, adverse events due to hemodynamic instability (e.g., acute heart failure or cardiogenic shock) may occur in up to one-fourth of patients, even during the first hours after clinical onset.
In our study, higher WMSI and lower LVEF were associated with pulmonary edema and cardiogenic shock, confirming the fact that marked LV systolic dysfunction contributes to the development of hemodynamic instability (7). Increased sympathetic stimulation seems to play a central role in the occurrence of systolic impairment related to myocardial stunning in TTC patients, through a variety of pathophysiological mechanisms, including myocyte calcium overload, oxidative stress, and microvascular dysfunction (4, 19, 20) . Lower peak levels of cardiac enzymes are observed in TTC than in acute coronary syndrome, despite more pronounced myocardial dysfunction. The slight elevation of troponin and CK-MB levels seems to be associated with myocardial stunning rather than necrosis, as abnormal troponin levels do not necessarily indicate true myocardial damage. The potential role of ECG abnormalities in predicting adverse events in TTC has been previously investigated (21) . In the study by Takashio et al. (21) , the magnitude and extent of ST-segment elevation with ECG were found to be independent predictors of in-hospital adverse events. However, those findings were not confirmed by other authors (22) . Although ST-segment elevation is the most common ECG presentation, it is detected in roughly 50% of patients, especially in Western countries (23) . In clinical practice, a marked disproportion between troponin peak levels and the magnitude of ECG changes compared with the extent of regional myocardial dysfunction is frequently observed. Our results demonstrate that LVEF is an independent correlate of acute heart failure and is superior to Incremental prognostic value of independent echocardiographic correlates of major adverse events to clinical data, electrocardiographic (ECG) changes at admission, laboratory findings as determined by the comparison of the global chi-square at each step. troponin and ECG in identifying patients at risk of hemodynamic instability. Echocardiography seems to better mirror the amount of dysfunctioning myocardium than ECG alterations and serum parameters, confirming the importance of multiparametric LV assessment in TTC patients.
TTC patients may show volume and pressure overload secondary not only to acute systolic but also to diastolic dysfunction. Interestingly, advanced age and female sex that typically prevail in TTC were found to be associated with LV diastolic stiffening coupled with a stiff vascular system and endothelial dysfunction (24). Basal hyperkinesis and apical LV wall stress induce intraventricular diastolic and systolic pressure gradients and are believed to be the primary mechanisms responsible for increased LV filling pressure in this peculiar cardiomyopathy. In TTC patients, elevated BNP levels were shown to correlate with the severity of LV diastolic dysfunction independent of troponin peak levels (25) . In our study as well as in other series, E/e 0 ratio was elevated (26) . A relationship between decreased LV untwisting (a regional diastolic index) and increased E/e 0 ratio (a global diastolic index) has been reported, demonstrating that diastolic function is impaired even in the early phase of TTC (27) . E/e 0 ratio is considered a good predictor of LV filling pressure, and it has already been proven useful in predicting outcome in different cardiovascular diseases, also showing an incremental prognostic value compared to BNP (28). Our study demonstrates for the first time that E/e 0 ratio is a strong determinant of acute heart failure and in-hospital mortality in patients with TTC. This parameter should therefore be assessed early and systematically in order to identify patients at higher risk of hemodynamic instability and to guide appropriate management. In addition, the improvement in E/e 0 ratio and LV systolic function at follow-up may be considered a useful indicator of LV function recovery. Heart failure can also be precipitated by elevated pulmonary artery pressure, usually related to reduced LA compliance (advanced LV diastolic dysfunction in elderly patients) or LA volume overload (significant MR) (28) . Of note, in our study, the echocardiographic parameters of both systolic and diastolic function, including E/e 0 ratio, were significantly more compromised in patients with adverse events than in those without. At short-term assessment, despite comparable recovery of systolic function, some parameters of diastolic function (namely, E/A ratio, E/e 0 ratio, and LA volume) remained significantly outside of the normal range in patients who experienced adverse events. As a possible explanation for this finding, it may be hypothesized that pre-existing diastolic dysfunction may have been unmasked following the resolution of the acute phase, suggesting that TTC patients with impaired diastolic function are more prone to develop acute heart failure.
Reversible mitral regurgitation, acute heart failure, and cardiogenic shock. Several aspects regarding the impact of reversible significant MR on the clinical picture of TTC patients are still debated. First, the true incidence remains to be clearly defined. In our study population, reversible significant (moderate to severe) MR during the acute phase was observed in 21% of TTC patients. This finding is consistent with the prevalence (range 19% to 25%) reported in the literature (29) (30) (31) . Second, the cause of acute MR remains to be fully elucidated. Two distinct underlying mechanisms seem to be associated with the development of MR in TTC: 1) the coexistence of systolic anterior motion and LVOTO; and 2) tethering of the mitral valve leaflets (31) . In our study, only a minority of patients with significant MR showed concomitant LVOTO and systolic anterior motion (7%), confirming the hypothesis that different underlying mechanisms may induce dynamic functional MR. Finally, equivocal data for the association of MR with ballooning pattern, systolic function, and prognosis have been reported so far. In our study, patients with significant MR had a striking prevalence of apical ballooning pattern and, if compared with patients without MR, had a lower EF. These findings lead us to hypothesize that significant MR may be associated with more extensive myocardial dysfunction. It is unquestionable that in a context of stunning myocardium typical of TTC, the left ventricle can compensate for the development of an acute MR by increasing preload and emptying, as expected in a normal ventricle (32) . LV volume overload results in increased myocardial tension that, in a vicious circle, leads to systolic dysfunction and reduced stroke volume (33) . Ejection of the regurgitant volume into the left atrium before aortic valve opening further reduces forward effective cardiac output, predisposing to cardiogenic shock. In addition, LA pressure rises abruptly, especially in the presence of normal or reduced LA compliance, often leading to pulmonary congestion and acute heart failure. In our study, 18 patients developed cardiogenic shock and among these 10 (55%) had moderate to severe MR. The prevalence of cardiogenic shock in TTC was 15% in the study by Tsuchuhashi et al. (1) , but even rarer in other series (34) . Song et al. (35) reported the occurrence of cardiogenic shock in 16 of 50 (32%) TTC patients. Patients with cardiogenic shock had a significantly higher prevalence of reversible MR and apical ballooning pattern than patients without cardiogenic shock. Our data are consistent with those of Song et al. (35) , demonstrating that reversible moderate to severe MR is an independent determinant of major adverse events. In addition, reversible MR remained a significant independent correlate even after considering cardiogenic shock and death as the only components of the composite outcome. Owing to its potential negative impact on in-hospital course, early echocardiographic assessment of the mitral valve should be performed, with special attention to hemodynamics in moderate to severe MR, in particular in patients with advanced systolic dysfunction and LVOTO.
LVOTO has been reported in 25% of patients in a small series of 32 TTC patients (17) . In our larger population, the prevalence of LVOTO was 12.8%. LVOTO should be systematically ruled out by echocardiography in order to implement an appropriate therapeutic strategy. In patients with LVOTO and markedly impaired LV systolic function, ß-blockade and intra-aortic balloon counterpulsation should be the preferred treatment options compared to inotropic agents to prevent the development of significant intraventricular gradients and subsequent hemodynamic deterioration (36) . Study limitations. Several issues should be considered when interpreting these data. First, only patients with good acoustic windows were evaluated. Although our intraobserver and interobserver variability in evaluating LV wall motion contraction were good (9), visual assessment of wall motion may have been affected by the tethering phenomenon. Second, catecholamine levels were not reported. However, our observation reflects clinical practice in a realworld setting, where measurement of catecholamine levels is not systematically performed in the acute phase of TTC. In addition, to date, the link among sympathetic activation, elevated circulating catecholamines, and the occurrence of stunned myocardium in TTC remains hypothetical (37) . It would have been of interest to compare the association of echocardiographic and cardiac magnetic resonance (CMR) parameters in TTC patients with and without complications. In a prospective study, Eitel et al. (38) reported robust data for CMR in a large cohort of TTC patients enrolled from 7 tertiary care centers in Europe and North America. However, their series included only 1 patient with cardiogenic shock, probably because CMR is difficult to perform in patients with hemodynamic instability. Finally, CMR is not largely available and not systematically used, especially in the early evaluation of patients with acute coronary syndrome or similar conditions.
C O N C L U S I O N S
Echocardiographic parameters provide additional information compared to other variables routinely used in clinical practice in identifying patients at higher risk of hemodynamic deterioration and poor in-hospital outcome. Our study demonstrates for the first time that LVEF, reversible moderate to severe MR, E/e 0 ratio, and age $75 years are independent correlates of major adverse events (i.e., acute heart failure, cardiogenic shock, and in-hospital mortality) in a large cohort of TTC patients. Comprehensive seriated echocardiographic examinations should be systematically performed in patients with TTC to monitor systolic and diastolic LV function recovery. Special attention should be paid to patients with significant MR and intraventricular obstruction to promptly institute appropriate pharmacological treatment and adequate mechanical support.
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